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Abstract:	  
This	  study	  presents	  a	  detailed	  examination	  of	  the	  lattice	  distortions	  introduced	  by	  glancing	  
incidence	  Focussed	  Ion	  Beam	  (FIB)	  milling.	  Using	  non-­‐destructive	  multi-­‐reflection	  Bragg	  
coherent	  X-­‐ray	  diffraction	  we	  probe	  damage	  formation	  in	  an	  initially	  pristine	  gold	  micro-­‐
crystal	  following	  several	  stages	  of	  FIB	  milling.	  These	  experiments	  allow	  access	  to	  the	  full	  
lattice	  strain	  tensor	  in	  the	  micro-­‐crystal	  with	  ~25	  nm	  3D	  spatial	  resolution,	  enabling	  a	  nano-­‐
scale	  analysis	  of	  residual	  lattice	  strains	  and	  defects	  formed.	  Our	  results	  show	  that	  30	  keV	  
glancing	  incidence	  milling	  produces	  fewer	  large	  defects	  than	  normal	  incidence	  milling	  at	  the	  
same	  energy.	  However	  the	  resulting	  residual	  lattice	  strains	  have	  similar	  magnitude	  and	  
extend	  up	  to	  ~50	  nm	  into	  the	  sample.	  At	  the	  edges	  of	  the	  milled	  surface,	  where	  the	  ion-­‐
beam	  tails	  impact	  the	  sample	  at	  near-­‐normal	  incidence,	  large	  dislocation	  loops	  with	  a	  range	  
of	  burgers	  vectors	  are	  formed.	  Further	  glancing	  incidence	  FIB	  polishing	  with	  5	  keV	  ion	  energy	  
removes	  these	  dislocation	  loops	  and	  reduces	  the	  lattice	  strains	  caused	  by	  higher	  energy	  FIB	  
milling.	  However,	  even	  at	  the	  lower	  ion	  energy,	  damage-­‐induced	  lattice	  strains	  are	  present	  
within	  a	  ~20	  nm	  thick	  surface	  layer.	  These	  results	  highlight	  the	  need	  for	  careful	  
consideration	  and	  management	  of	  FIB	  damage.	  They	  also	  show	  that	  low-­‐energy	  FIB-­‐milling	  is	  
an	  effective	  tool	  for	  removing	  FIB-­‐milling	  induced	  lattice	  strains.	  This	  is	  important	  for	  the	  
preparation	  of	  micro-­‐mechanical	  test	  specimens	  and	  strain	  microscopy	  samples.	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1.	  Introduction:	  
Focussed	  ion	  beam	  (FIB)	  techniques	  have	  emerged	  as	  transformative	  tools	  for	  material	  
analysis	  and	  manufacturing	  at	  the	  nano-­‐scale.	  FIB	  uses	  a	  tightly	  focussed	  beam	  of	  ions,	  most	  
commonly	  gallium	  (Ga),	  for	  nano-­‐scale	  material	  imaging,	  material	  removal	  by	  localised	  
sputtering	  and	  deposition	  by	  dissociation	  of	  precursor	  gases	  [1,2].	  This	  ability	  to	  view	  and	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manipulate	  materials	  at	  the	  nano-­‐scale	  has	  lead	  to	  extensive	  use	  of	  FIB	  for	  preparation	  of	  
site-­‐specific	  microscopy	  samples,	  enabling	  the	  examination	  of	  particular	  microstructural	  
features	  by	  transmission	  electron	  microscopy	  (TEM)	  [3–6]	  or	  atom	  probe	  tomography	  (APT)	  
[7–11].	  Combining	  automated	  serial	  FIB	  sectioning	  with	  scanning	  electron	  microscopy	  (SEM)	  
allows	  the	  reconstruction	  of	  3D	  nano-­‐scale	  sample	  morphology	  [12–15]	  and	  grain	  
microstructure	  [16–18].	  	  
	  
FIB	  machining	  revolutionised	  the	  study	  of	  nano-­‐scale	  mechanical	  properties	  by	  enabling	  the	  
manufacture	  of	  micron-­‐sized	  test	  specimens.	  By	  deforming	  FIB-­‐machined	  micro-­‐pillars	  in	  a	  
nano-­‐indenter,	  the	  dependence	  of	  material	  properties	  on	  sample	  size	  has	  been	  extensively	  
studied,	  leading	  to	  the	  ‘smaller	  is	  stronger’	  paradigm	  [19–21].	  The	  use	  of	  micron-­‐sized	  
mechanical	  test	  specimens	  also	  makes	  it	  possible	  to	  examine	  the	  properties	  of	  materials	  
only	  available	  in	  small	  volumes.	  For	  example	  FIB-­‐machined	  micro-­‐cantilevers	  make	  it	  
possible	  to	  study	  the	  mechanical	  properties	  of	  few-­‐micron-­‐thick	  ion-­‐implanted	  layers	  used	  
to	  simulate	  irradiation-­‐induced	  degradation	  [22,23].	  Similarly	  specimens	  can	  be	  extracted	  to	  
examine	  the	  mechanical	  properties	  of	  specific	  micro-­‐structural	  features,	  such	  as	  grain	  
boundaries	  [24–28],	  hydrides	  and	  phase	  boundaries	  [29].	  
	  
An	   interesting	  question	  concerns	   the	   role	  of	  damage	   introduced	  near	   the	  material	   surface	  
during	  the	  FIB	  milling	  process.	  TEM	  studies	  have	  shown	  that	  FIB	  can	  lead	  to	  amorphisation	  
[30],	  the	  generation	  of	  lattice	  defects	  [31,32],	  formation	  of	  intermetallic	  phases	  [33],	  as	  well	  
as	   local	   recrystallisation	   [34].	  When	  examining	  the	  effect	  of	   this	  damage	  on	  the	  behaviour	  
observed	   in	   micro-­‐mechanical	   tests,	   several	   competing	   mechanisms	   must	   be	   considered.	  
FIB-­‐induced	  crystallographic	  defects,	  such	  as	  small	  dislocation	  loops,	  act	  as	  sources	  for	  glide	  
dislocations.	  This	  is	  important	  when	  sample	  strength	  is	  controlled	  by	  source	  starvation.	  Here	  
FIB	   is	   expected	   to	   cause	   a	   substantial	   reduction	   in	   yield	   stress,	   as	   observed	   in	   Mo-­‐alloy	  
micro-­‐pillars	  [35].	  This	  effect	  is	  also	  seen	  in	  nano-­‐indentation,	  where	  the	  absence	  of	  pop-­‐ins	  
in	   FIB	  milled	  material	   confirms	  a	   greater	  density	  of	  dislocation	   sources	   [36].	  On	   the	  other	  
hand	   the	   injection	   of	   gallium	   and	   the	   formation	   of	   a	   dense	   population	   of	   defects,	   are	  
expected	   to	   lead	   to	   the	   formation	   of	   a	   hardened	   surface	   layer.	   This	   would	   increase	   the	  
strength	  of	  FIB-­‐milled	  samples	  [31],	  and	  has	  also	  been	  observed	  in	  nano-­‐indentation	  of	  FIB-­‐
exposed	   molybdenum	   [36].	   The	   influence	   of	   FIB	   damage	   on	   deformation	   behaviour	   is	  
reduced	   in	   materials	   with	   an	   initially	   high	   defect	   density	   [35,37].	   However,	   recent	  
measurements,	   comparing	   as-­‐FIB-­‐milled	   Al	   nano-­‐pillars	  with	   pillars	   that	  were	   annealed	   to	  
remove	   FIB	   damage,	   showed	   that	   even	   though	   samples	   from	   both	   preparation	   routes	  
showed	   similar	   yield	   stress,	   the	   underlying	   deformation	  mechanisms	   differ	  markedly	   [38].	  
Indeed	  a	  strong	  dependence	  of	  mechanical	  properties	  of	  FIB-­‐milled	  pillars	  on	  the	  exact	  FIB	  
milling	  conditions	  used	  has	  been	  reported	  [39].	  	  
	  
Residual	  lattice	  strains	  introduced	  by	  FIB	  milling	  play	  a	  key	  role	  in	  determining	  behaviour,	  as	  
the	   local	   stress	   state	   controls	   emission	   and	   propagation	   of	   glide	   dislocations.	   Previous	  
studies	  of	  FIB	  damage	  showed	  that	  stresses	  of	  several	  100	  MPa	  can	  be	  reached	  within	  and	  
near	   the	   ion-­‐damaged	   surface	   layer	   [40,41].	   Indeed	   in	   magnesium	   FIB-­‐induced	   micro-­‐
stresses	   have	   been	   shown	   to	   lead	   to	   the	   nucleation	   of	   twin	   domains	   that	   extend	   several	  
microns	   into	  the	  material	   [42].	  Quantifying	  FIB-­‐induced	  residual	   lattice	  strains	  and	  stresses	  
has	   proven	   challenging.	   Thus	   far	   the	   macroscopic	   deformation	   of	   cantilevers	   [40,43],	  
membranes	   [44]	   and	   thin	   films	   [45]	   has	   been	   used	   to	   infer	   FIB-­‐induced	   lattice	   strains.	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However	   these	   rather	   coarse	   measurements	   cannot	   capture	   the	   details	   of	   the	   highly	  
heterogeneous	  lattice	  strain	  fields	  produced	  by	  FIB.	  	  
	  
Recently	  we	  proposed	  an	  alternative	  approach,	  using	  coherent	  X-­‐ray	  diffraction	  to	  study	  FIB-­‐
induced	  damage	   in	   initially	  pristine	  gold	  micro-­‐crystals	   [46].	  Using	  this	   technique	  we	  could	  
resolve	   the	   full	   lattice	  displacement	   field	  and	  hence	  strain	   tensor	   in	   specific	  micro-­‐crystals	  
with	  10s	  of	  nm	  3D	  spatial	  resolution.	  Our	  results	  showed	  that	  even	  a	  single	  FIB	  imaging	  scan	  
with	   low	   ion	  dose	  causes	   large	   lattice	  strains.	  FIB	  milling	  at	  normal	   incidence	  produced	  an	  
extended	  network	  of	  dislocation	  loops,	  which	  could	  be	  mapped	  out	  in	  3D.	  In	  an	  extensively	  
machined	   crystal	   lattice	   strains	   extended	   several	   100	   nanometers	   into	   the	   crystal,	   far	  
beyond	  the	  ion-­‐implanted	  layer	  [41].	  This	  initial	  study	  concentrated	  on	  studying	  the	  effects	  
of	   normal	   incidence	   FIB	   milling.	   Yet	   in	   the	   preparation	   of	   micro-­‐mechanics	   test	   samples,	  
glancing	   incidence	   milling	   is	   generally	   used	   as	   it	   provides	   a	   better	   surface	   finish	   and,	   in	  
silicon,	  has	  been	  reported	  to	  introduce	  less	  damage	  [34,39,47].	  	  
	  
Several	  approaches	  have	  been	  proposed	  for	  the	  reduction	  of	  FIB	  damage.	  Most	  of	  these	  use	  
a	  cleaning	  step	  to	  remove	  the	  FIB	  damaged	  layer	  by	  low	  energy	  ion	  milling,	  for	  example	  
using	  2	  keV	  Ga	  ions	  in	  the	  FIB	  [30]	  or	  a	  low	  energy	  Argon	  ion	  beam	  [48].	  For	  silicon,	  electron-­‐
beam-­‐induced-­‐etching	  with	  molecular	  chlorine	  has	  also	  been	  suggested,	  though	  this	  
produced	  a	  rough	  surface	  finish	  [49].	  An	  alternative	  approach,	  rather	  than	  removing	  the	  
damaged	  layer,	  is	  to	  anneal	  samples	  after	  FIB	  milling	  [38].	  This	  will	  remove	  defects,	  but	  not	  
the	  implanted	  Ga.	  Furthermore	  the	  annealing	  process	  is	  not	  selective	  and	  so	  may	  modify	  
defects	  and	  microstructure	  present	  before	  FIB	  milling	  as	  well	  as	  FIB-­‐induced	  damage.	  
	  
In	  this	  study	  we	  use	  coherent	  X-­‐ray	  diffraction	  to	  probe	  the	  3D,	  nano-­‐scale	  residual	  lattice	  
strains	  and	  defects	  produced	  by	  glancing	  incidence	  FIB	  machining.	  By	  comparing	  the	  results	  
to	  our	  previous	  measurements	  of	  normal	  incidence	  FIB	  milling	  damage	  [46],	  we	  examine	  
whether	  glancing	  incidence	  milling	  indeed	  produces	  smaller	  residual	  lattice	  strains.	  Using	  5	  
keV	  glancing	  incidence	  FIB	  milling	  the	  effectiveness	  of	  low	  energy	  ion	  polishing	  for	  removing	  
damage	  from	  previous	  FIB	  processes,	  and	  the	  associated	  residual	  lattice	  strains,	  is	  tested.	  
Importantly	  all	  our	  measurements	  are	  carried	  out	  on	  the	  same	  micro-­‐crystal,	  imaged	  at	  
different	  FIB	  milling	  stages,	  such	  that	  a	  direct	  comparison	  can	  be	  made.	  Below	  we	  first	  
present	  details	  of	  sample	  preparation	  and	  the	  coherent	  X-­‐ray	  diffraction	  measurements.	  This	  
is	  followed	  by	  a	  discussion	  of	  the	  experimental	  results	  and	  brief	  conclusions.	  	  
	  
	  
2.	  Experimental	  Measurements	  
2.1	  Sample	  Preparation	  
Samples	  were	  prepared	  on	  a	  [001]-­‐oriented	  silicon	  wafer	  substrate	  with	  a	  100	  nm	  thick	  
thermally	  grown	  oxide	  layer.	  The	  wafer	  was	  spin-­‐coated	  with	  ZEP	  resist	  and	  electron-­‐beam	  
patterned	  with	  a	  variety	  of	  structures,	  including	  2	  μm	  wide	  lines.	  After	  removal	  of	  the	  
exposed	  resist,	  the	  wafer	  was	  coated	  with	  a	  3	  nm	  thick	  Cr	  adhesion	  layer	  followed	  by	  40	  nm	  
of	  Au.	  Un-­‐patterned	  areas	  were	  removed	  using	  a	  "lift-­‐off”	  procedure	  to	  retain	  the	  Au	  lines.	  
The	  sample	  was	  then	  annealed	  at	  1273	  K	  in	  air	  for	  10	  hours,	  after	  which	  the	  gold	  lines	  had	  
dewetted	  to	  form	  arrays	  of	  gold	  nano-­‐crystals,	  ranging	  in	  size	  from	  ~200	  nm	  to	  ~1	  μm	  (Fig.	  
1(a)).	  Scanning	  electron	  microscopy	  (SEM)	  was	  used	  to	  inspect	  the	  crystals	  and	  identify	  a	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suitable	  candidate	  for	  this	  study,	  avoiding	  crystals	  with	  twin	  domains,	  which	  add	  complexity	  
and	  are	  not	  of	  interest	  here	  [50].	  
	  
	  
	  
Fig1:	  Overview	  of	  the	  sample.	  (a)	  SEM	  micrograph	  of	  the	  as-­‐made	  sample,	  showing	  a	  row	  of	  
gold	  nano-­‐crystals	  after	  dewetting.	  The	  crystal	  under	  study	  is	  highlighted	  by	  an	  arrow.	  (b)	  
Sequence	  of	  SEM	  images	  recorded	  during	  the	  30	  keV	  glancing	  incidence	  FIB	  milling	  step.	  (c)	  
Progression	  of	  the	  5	  keV	  glancing	  incidence	  FIB	  polishing	  step.	  
	  
	  
2.2	  Focussed	  Ion	  Beam	  Milling	  
Focussed	  Ion	  Beam	  (FIB)	  milling	  was	  carried	  out	  on	  an	  FEI	  Nova	  600	  NanoLab	  FIB/SEM	  at	  the	  
Centre	  for	  Nanoscale	  Materials,	  Argonne	  National	  Lab,	  USA.	  Two	  FIB	  processing	  steps	  were	  
applied,	  hereafter	  referred	  to	  as	  ‘milling’	  and	  ‘polishing’.	  
	  
For	  the	  first	  FIB	  milling	  step	  a	  Ga	  ion	  energy	  of	  30	  keV	  and	  beam	  current	  of	  28	  pA	  were	  used.	  
These	  conditions	  closely	  match	  those	  used	  for	  the	  final	  milling	  cut	  during	  the	  manufacture	  of	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micro-­‐mechanics	  test	  specimens	  [24,51–53].	  FIB	  milling	  was	  carried	  out	  in	  an	  incremental	  
trench-­‐milling	  mode	  with	  a	  target	  fluence	  of	  0.65	  nC/μm2	  (4.06	  x	  109	  ions/	  μm2)	  to	  achieve	  a	  
glancing-­‐incidence	  milling	  condition.	  Fig.	  1	  (b)	  shows	  SEM	  images	  collected	  during	  the	  FIB	  
milling	  process.	  Once	  approximately	  a	  third	  of	  the	  crystal	  had	  been	  removed	  the	  FIB	  milling	  
was	  stopped.	  
	  
To	  explore	  the	  effectiveness	  of	  low	  energy,	  glancing	  incidence	  FIB	  milling	  for	  the	  removal	  of	  
damage	  introduced	  by	  high	  energy	  FIB	  milling,	  a	  polishing	  step	  with	  5	  keV	  ion	  energy	  and	  
150	  pA	  beam	  current	  was	  performed.	  Again	  an	  incremental	  trench	  milling	  mode	  was	  used,	  
this	  time	  with	  a	  target	  fluence	  of	  3.42	  nC/μm2	  (2.13	  x	  1010	  ions/	  μm2).	  Fig.	  1	  (c)	  shows	  SEM	  
images	  collected	  during	  the	  FIB	  polishing	  process,	  which	  was	  stopped	  once	  a	  further	  ~100	  
nm	  had	  been	  removed	  from	  the	  crystal.	  
	  
No	  overview	  FIB	  imaging	  scans	  were	  collected	  to	  align	  the	  FIB	  processing	  steps.	  Instead	  
spatial	  alignment	  of	  FIB	  and	  SEM	  beams	  was	  carried	  out	  far	  from	  the	  micro-­‐crystal.	  Then	  
SEM	  imaging	  alone	  was	  used	  to	  position	  the	  FIB	  milling	  and	  polishing	  scans.	  This	  is	  important	  
as	  our	  previous	  results	  showed	  that	  even	  a	  single,	  low	  dose	  FIB	  imaging	  scan	  (30	  keV,	  50	  pA,	  
4.2	  x	  104	  ions/	  μm2)	  can	  cause	  large	  lattice	  strains	  [46].	  
	  
	  
	  
Fig2:	  Predicted	  displacement	  damage	  and	  injected	  gallium	  concentration.	  Profiles	  
correspond	  to	  30	  keV	  normal	  incidence,	  30	  keV	  glancing	  incidence	  and	  5	  keV	  glancing	  
incidence	  milling	  conditions.	  In	  all	  cases	  a	  fully	  developed	  milling	  zone	  with	  material	  removal	  
greater	  than	  the	  damage	  depth	  was	  assumed.	  (a)	  and	  (b)	  Anticipated	  displacement	  damage	  
as	  a	  function	  of	  depth	  on	  linear	  and	  log	  scales	  respectively.	  (c)	  and	  (d)	  Expected	  injected	  
gallium	  concentration	  on	  linear	  and	  log	  scales	  respectively.	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Calculations	  of	  the	  anticipated	  collision	  cascade	  damage	  and	  implanted	  Ga	  ion	  concentration	  
were	  performed	  using	  the	  Stopping	  and	  Range	  of	  Ions	  in	  Matter	  (SRIM)	  code	  [54]	  
(‘monolayer	  collision	  –	  surface	  sputtering’,	  44	  eV	  displacement	  energy,	  3.8	  eV	  surface	  
energy	  and	  3	  eV	  binding	  energy	  for	  gold	  target	  [55]).	  Ga	  ions	  were	  injected	  at	  85°	  and	  70°	  
from	  the	  surface	  normal	  for	  30	  keV	  glancing	  incidence	  milling	  and	  5	  keV	  polishing	  
respectively.	  These	  angles	  were	  determined	  from	  the	  3D	  crystal	  shape	  reconstructed	  from	  
coherent	  X-­‐ray	  measurements	  (Fig.	  5	  and	  Fig.	  8).	  Statistics	  were	  gathered	  over	  105	  ions.	  For	  
30	  keV	  glancing	  incidence	  milling	  each	  ion	  is	  estimated	  to	  cause	  ~209	  target	  displacements	  
(~15	  replacement	  collisions)	  and	  sputtering	  of	  ~27	  Au	  atoms.	  For	  5	  keV	  polishing	  ~62	  target	  
displacements	  with	  ~4	  replacement	  collisions,	  and	  a	  sputtering	  yield	  of	  14	  Au	  atoms	  per	  ion	  
are	  predicted.	  The	  anticipated	  profiles	  of	  displacement	  damage	  in	  displacements	  per	  atom	  
(dpa)	  and	  injected	  Ga-­‐ion	  concentration	  in	  atomic	  parts	  per	  million	  (appm)	  are	  shown	  in	  Fig.	  
2.	  These	  profiles	  were	  computed	  taking	  into	  account	  the	  receding	  surface	  effect	  due	  to	  
sputtering.	  While	  30	  keV	  glancing	  incidence	  milling	  produces	  a	  damage	  layer	  three	  times	  as	  
thick	  as	  5	  keV	  polishing,	  the	  near-­‐surface	  Ga	  concentration	  for	  5	  keV	  polishing	  is	  actually	  
higher	  due	  to	  the	  lower	  sputtering	  yield	  at	  this	  energy.	  For	  comparison	  the	  profiles	  
calculated	  for	  30	  keV	  normal	  incidence	  FIB	  milling,	  which	  produces	  substantially	  greater	  
displacement	  damage	  and	  larger	  injected	  Ga	  concentration,	  are	  also	  shown.	  
	  
	  
2.3	  Bragg	  Coherent	  Diffraction	  Measurements	  
3D	  resolved	  measurements	  of	  the	  lattice	  displacement	  fields	  in	  the	  as-­‐made	  sample,	  after	  30	  
keV	  glancing	  incidence	  FIB	  milling	  and	  5	  keV	  FIB	  polishing	  were	  performed	  using	  Bragg	  
Coherent	  Diffraction	  Imaging	  (BCDI)	  at	  beamline	  34IDC	  (Advanced	  Photon	  Source,	  Argonne	  
National	  Lab,	  USA).	  Laue	  diffraction	  at	  beamline	  34IDE	  (Advanced	  Photon	  Source,	  Argonne	  
National	  Lab,	  USA)	  was	  used	  to	  pre-­‐align	  the	  crystal	  for	  BCDI	  measurements	  of	  multiple	  
reflections.	  A	  detailed	  description	  of	  the	  pre-­‐alignment	  procedure	  is	  provided	  elsewhere	  
[41].	  For	  the	  as-­‐made	  sample	  and	  after	  the	  30	  keV	  FIB	  milling	  step	  BCDI	  measurements	  were	  
carried	  out	  for	  six	  crystal	  reflections:	  (200),	  (020),	  (002),	  (-­‐111),	  (1-­‐11),	  (11-­‐1).	  Fig.	  3	  (a)	  
shows	  the	  angular	  positions	  of	  the	  associated	  scattering	  vectors.	  After	  5	  keV	  polishing	  only	  
three	  crystal	  reflections	  could	  be	  recorded	  ((020),	  (002),	  (-­‐111))	  before	  the	  crystal	  became	  
unstable	  and	  started	  to	  rotate	  in	  the	  X-­‐ray	  beam	  [56],	  rendering	  further	  BCDI	  measurements	  
uninterpretable.	  
	  
For	  BCDI	  measurements	  the	  incident	  X-­‐ray	  beam	  (9	  keV,	  ~10-­‐4	  ΔE/E)	  was	  focussed	  to	  ~1.5	  
μm	  at	  the	  sample	  using	  KB	  mirrors.	  By	  positioning	  the	  micro-­‐crystal	  in	  the	  KB	  focal	  plane,	  
within	  the	  central	  maximum	  of	  the	  beam,	  a	  plane	  wave	  illumination	  is	  achieved.	  Diffraction	  
patterns	  were	  recorded	  on	  a	  Medipix2	  area	  detector	  (256	  x	  256	  pixels,	  55	  μm	  pixel	  size,	  16	  
bit	  image	  depth).	  For	  measurements	  of	  the	  as-­‐made	  crystal	  a	  sample-­‐to-­‐detector	  distance	  of	  
1.25	  m	  was	  used.	  For	  scans	  after	  FIB	  milling	  and	  polishing	  this	  was	  reduced	  to	  1.1	  m.	  
Detector	  distances	  were	  determined	  by	  positioning	  the	  detector	  at	  the	  minimum	  distance	  
required	  for	  oversampling	  and	  then	  increasing	  the	  distance	  until	  the	  diffraction	  patterns	  
filled	  the	  detector	  matrix.	  A	  3D	  coherent	  X-­‐ray	  diffraction	  pattern	  (CXDP)	  was	  recorded	  from	  
each	  crystal	  reflection	  by	  rocking	  through	  the	  Bragg	  condition,	  covering	  an	  angular	  range	  of	  	  
-­‐0.5°	  to	  0.5°	  with	  respect	  to	  the	  reflection	  centre	  in	  0.01°	  increments.	  The	  exposure	  time	  for	  
each	  diffraction	  image	  was	  0.5	  s.	  To	  optimise	  signal-­‐to-­‐noise	  ratio,	  each	  CXDP	  measurement	  
was	  repeated	  several	  times.	  These	  repeated	  scans	  were	  aligned	  in	  3D	  to	  maximise	  their	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cross-­‐correlation,	  and	  scans	  with	  a	  normalised	  cross-­‐correlation-­‐coefficient	  greater	  than	  
0.985	  were	  averaged	  to	  return	  the	  CXDP	  for	  each	  reflection.	  The	  number	  of	  scans	  (noted	  in	  
‘’)	  that	  were	  averaged	  for	  each	  reflection	  are:	  As-­‐made	  crystal:	  (200)	  ‘12’,	  (020)	  ‘12’,	  (002)	  
‘12’,	  (-­‐111)	  ‘12’,	  (1-­‐11)	  ‘12’,	  (11-­‐1)	  ‘12’.	  After	  30	  keV	  FIB	  milling:	  (200)	  ‘13’,	  (020)	  ‘10’,	  (002)	  
‘13’,	  (-­‐111)	  ‘13’,	  (1-­‐11)	  ‘14’,	  (11-­‐1)	  ‘10’.	  After	  5	  keV	  FIB	  polishing:	  (020)	  ‘9’,	  (002)	  ‘14’,	  (-­‐111)	  
‘14’.	  	  
	  
	  
	  
Fig3:	  Reconstructed	  crystal	  shape	  at	  different	  milling	  stages.	  (a)	  Reconstructed	  morphology	  
of	  the	  as-­‐made	  crystal.	  Superimposed	  are	  arrows	  indicating	  the	  crystal	  reflections	  for	  which	  
CXDPs	  were	  measured	  (thin	  arrows).	  Also	  shown	  are	  the	  x,	  y	  and	  z-­‐axes	  used	  for	  analysis	  of	  
lattice	  displacements	  and	  strains,	  along	  with	  the	  corresponding	  real-­‐space	  lattice	  directions	  
(bold	  arrows).	  (b),	  (c)	  and	  (d)	  respectively	  show	  the	  recovered	  morphology	  of	  the	  as-­‐made	  
crystal,	  after	  30	  keV	  glancing-­‐incidence	  FIB	  milling,	  and	  after	  5	  keV	  FIB	  polishing.	  The	  left	  
column	  shows	  the	  superposition	  of	  semi-­‐transparently	  rendered	  crystal	  morphologies	  
recovered	  from	  different	  crystal	  reflections.	  The	  middle	  and	  right	  columns	  respectively	  show	  
a	  top-­‐down	  and	  side-­‐on	  view	  of	  the	  crystal.	  The	  scalebar	  corresponds	  to	  1	  μm.	  
	  
	  
2.4	  Phase	  Retrieval	  
To	  reconstruct	  the	  real-­‐space	  electron	  density	  from	  a	  CXDP,	  the	  phase	  information	  of	  the	  
diffracted	  wavefield	  must	  be	  recovered	  [57].	  Phase	  retrieval	  was	  performed	  independently	  
for	  each	  crystal	  reflection	  using	  previously	  published	  algorithms	  [58].	  Briefly,	  a	  guided	  phase	  
retrieval	  approach	  [59]	  with	  30	  random	  starts	  and	  5	  generations	  was	  used.	  For	  each	  
generation	  330	  phase	  retrieval	  iterations	  were	  carried	  out	  (repeating	  pattern	  of	  10	  Error	  
Reduction	  (ER)	  and	  40	  Hybrid	  Input	  Output	  (HIO)	  iterations	  (β	  =	  0.9),	  finishing	  with	  30	  ER	  
iterations	  [60]).	  The	  reconstruction	  returned	  after	  each	  generation	  was	  the	  average	  of	  the	  
final	  10	  ER	  iterations.	  A	  sharpness	  metric,	  previously	  shown	  to	  provide	  the	  most	  reliable	  
reconstructions	  for	  strained	  samples	  [61],	  was	  used	  to	  rank	  the	  quality	  of	  reconstructions.	  
After	  each	  generation	  the	  3	  least	  promising	  reconstructions	  were	  abandoned.	  After	  the	  final	  
generation	  the	  reconstruction	  with	  the	  best	  sharpness	  metric	  was	  returned.	  Averaging	  over	  
the	  3	  best	  reconstructions	  yielded	  almost	  identical	  results.	  Reconstructions	  with	  a	  greater	  
number	  of	  iterations	  showed	  no	  significant	  further	  evolution	  of	  the	  solution.	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Low	  spatial	  resolution	  data	  was	  used	  for	  the	  initial	  phasing	  generations,	  from	  which	  
reconstructions	  with	  progressively	  higher	  spatial	  resolution	  were	  seeded	  [61].	  Low	  
resolution	  data	  was	  artificially	  generated	  by	  multiplying	  the	  3D	  CXDP	  with	  a	  3D	  Gaussian	  of	  
width	  σ,	  given	  as	  a	  fraction	  of	  the	  full	  array	  size.	  For	  generations	  1,	  2	  and	  3,	  σ	  =	  0.1,	  σ	  =	  0.4	  
and	  σ	  =	  0.7	  was	  used	  respectively.	  From	  generation	  4	  onwards,	  full	  resolution	  data	  was	  
phased.	  The	  real-­‐space	  support	  was	  computed	  using	  a	  3D	  version	  of	  the	  Shrinkwrap	  
algorithm	  [62]	  and	  updated	  every	  5	  iterations.	  A	  3D	  normalized	  mutual	  coherence	  function	  
(MCF)	  was	  used	  to	  account	  for	  both	  longitudinal	  and	  transverse	  partial	  coherence	  of	  the	  
illumination	  [58]	  and	  updated	  every	  10	  iterations.	  The	  recovered	  MCF	  had	  approximately	  
Gaussian	  shape	  and	  magnitude	  >0.8,	  indicating	  an	  almost	  fully	  coherent	  illumination.	  	  
	  
After	  phase	  retrieval	  in	  the	  detector	  coordinate	  frame,	  reconstructions	  were	  transformed	  to	  
an	  orthogonal	  laboratory	  frame	  [63].	  Spatial	  resolution	  was	  estimated	  by	  taking	  the	  
derivative	  of	  electron	  density	  magnitude	  variation	  across	  crystal-­‐air	  interfaces.	  The	  full	  width	  
at	  half	  maximum	  (FWHM)	  of	  a	  Gaussian	  function	  fitted	  to	  the	  peak	  of	  the	  derivative	  provides	  
an	  indication	  of	  the	  spatial	  resolution.	  For	  each	  reconstruction	  six	  line	  profiles	  were	  
extracted	  (two	  in	  each	  spatial	  direction).	  Averaging	  over	  all	  reconstructions	  we	  estimate	  a	  
3D	  spatial	  resolution	  of	  ~25	  nm.	  
	  
X-­‐ray	  propagation	  in	  the	  micro-­‐crystal	  gives	  rise	  to	  an	  additional	  phase	  contribution	  since	  
the	  refractive	  index	  of	  gold	  is	  not	  unity	  [64].	  The	  phase	  change	  due	  to	  refraction,	  is	  given	  by:	  
	  
Δφr = 2πδ
l
λ
,	   (1)	  
	  
where	  l	  is	  the	  sum	  of	  the	  path	  lengths	  of	  the	  incident	  and	  exit	  X-­‐ray	  beams	  through	  the	  
crystal	  to	  each	  point	  inside	  the	  crystal	  [64].	  λ	  the	  X-­‐ray	  wavelength	  in	  vacuum	  and	  δ	  the	  real	  
part	  of	  the	  refractive	  index	  n,	  given	  by	  n = 1−δ + iβ .	  For	  each	  reconstruction	  the	  total	  X-­‐ray	  
path	  length	  associated	  with	  every	  voxel	  was	  computed.	  Then,	  using	  δ	  =	  3.735x10-­‐5	  [65],	  the	  
refractive-­‐index-­‐induced	  3D	  phase	  was	  estimated	  and	  subtracted	  from	  the	  reconstructed	  
phase.	  Phase	  ramps	  were	  removed	  by	  re-­‐centring	  the	  Fourier	  transform	  of	  the	  complex	  
electron	  and	  phase	  wraps	  were	  unwrapped	  using	  the	  algorithm	  of	  Cusack	  et	  al.	  [66].	  Finally	  
the	  reconstructions	  from	  all	  measured	  reflections	  were	  mapped	  into	  the	  same	  coordinate	  
system	  (Fig.	  3)	  [41].	  
	  
Fig.	  3	  (a)	  shows	  the	  average	  morphology	  of	  the	  as-­‐made	  micro-­‐crystal	  recovered	  from	  6	  
measured	  reflections.	  To	  assess	  agreement	  of	  the	  morphology	  reconstructed	  from	  individual	  
reflections,	  Fig.	  3(b)	  (1st	  column),	  shows	  a	  semi-­‐transparent	  rendering	  of	  the	  shape	  
determined	  from	  each	  reflection.	  Clearly	  agreement	  is	  excellent.	  The	  recovered	  morphology	  
(Fig.	  3(b)	  (2nd	  column)	  also	  agrees	  very	  well	  with	  an	  SEM	  image	  of	  the	  crystal	  recorded	  from	  
the	  same	  viewpoint	  (Fig.	  1(a)).	  Fig.	  3	  (c)	  and	  (d)	  show	  the	  same	  plots	  for	  the	  crystal	  after	  FIB	  
milling	  and	  polishing	  respectively.	  The	  morphologies	  recovered	  from	  different	  crystal	  
reflections	  agree	  well,	  with	  only	  small	  differences	  at	  the	  edges	  of	  the	  reconstruction	  after	  
FIB	  polishing.	  The	  top	  down	  view	  (2nd	  column	  of	  Fig.	  3	  (b)	  –	  (d))	  clearly	  shows	  the	  removal	  of	  
material	  due	  to	  the	  FIB	  processing	  steps.	  From	  the	  side	  views	  (3rd	  column	  of	  Fig.	  3	  (b)	  –	  (d))	  it	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is	  clear	  that	  the	  crystal	  height	  remains	  unchanged.	  This	  confirms	  that	  material	  was	  
predominantly	  removed	  from	  the	  crystal	  face	  exposed	  to	  glancing	  incidence	  FIB	  machining.	  
	  
	  
2.5	  Recovery	  of	  3D	  displacement	  and	  strain	  fields	  
The	  phase	  of	  the	  complex-­‐valued	  electron	  density	  recovered	  from	  a	  specific	  hkl	  reflection,	  
ϕhkl(r),	  is	  given	  by	  φhkl (r) = qhkl ⋅u(r) .	  Here	  u(r)	  is	  the	  lattice	  displacement	  field,	  qhkl	  the	  
scattering	  vector	  of	  the	  reflection	  and	  r	  is	  the	  spatial	  coordinate.	  If	  three	  non-­‐collinear	  
reflections	  are	  measured,	  the	  system	  of	  linear	  equations	  can	  be	  solved	  directly	  to	  find	  u(r),	  
as	  is	  the	  case	  for	  the	  measurement	  of	  the	  crystal	  after	  FIB	  polishing.	  If	  more	  then	  three	  
reflections	  are	  measured,	  the	  system	  of	  equations	  is	  over	  determined.	  For	  the	  as-­‐made	  
crystal,	  as	  well	  as	  after	  FIB	  milling,	  six	  reflections	  were	  measured	  and	  a	  solution	  for	  u(r)	  was	  
sought	  that	  minimises	   φhkl (r)− qhkl ⋅u(r)( )∑ 2 ,	  where	  the	  summation	  is	  over	  all	  measured	  
reflections	  [41].	  The	  3D-­‐resolved	  lattice	  strain	  tensor,	  ε(r),	  can	  then	  be	  computed	  by	  
differentiating	  u(r)	  [67].	  	  
	  
	  
3.	  Results	  and	  Discussion	  
3.1	  As-­‐grown	  micro-­‐crystal	  
Fig.	  4	  shows	  the	  six	  components	  of	  the	  lattice	  strain	  tensor	  measured	  in	  the	  as-­‐made	  micro-­‐
crystal,	  plotted	  on	  a	  virtual	  section	  through	  the	  crystal.	  Strains	  are	  plotted	  in	  the	  xyz	  
coordinate	  frame	  shown	  in	  Fig.	  3	  (a)	  (x-­‐axis	  along	  [2	  -­‐1	  -­‐1],	  y-­‐axis	  along	  [1	  1	  1]	  and	  z-­‐axis	  
along	  [0	  -­‐1	  1]),	  which	  is	  used	  throughout	  this	  paper.	  	  
	  
	  
	  
Fig4:	  Strains	  in	  the	  as-­‐made	  crystal.	  All	  6	  components	  of	  the	  lattice	  strain	  tensor	  are	  shown,	  
plotted	  on	  a	  section	  in	  the	  yz	  plane.	  The	  scalebar	  corresponds	  to	  300	  nm.	  Inset	  is	  a	  3D	  
rendering	  of	  the	  crystal	  coloured	  according	  to	  the	  measured	  lattice	  displacement	  
magnitude.	  Superimposed	  are	  arrows	  indicating	  the	  directions	  of	  the	  x,	  y	  and	  z	  axes.	  The	  
location	  of	  the	  plane	  on	  which	  strains	  are	  plotted	  is	  also	  shown.	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Lattice	  displacements	  (Fig.	  4	  inset),	  and	  lattice	  strains	  in	  the	  as-­‐made	  sample	  (Fig.	  4)	  are	  
small	  compared	  to	  the	  FIB-­‐induced	  distortions	  reported	  below.	  No	  large	  phase	  features,	  
such	  as	  those	  associated	  with	  dislocations	  [46],	  are	  present	  in	  the	  reconstructions	  of	  the	  as-­‐
made	  sample.	  The	  mean	  of	  the	  6	  strain	  components	  and	  the	  associated	  standard	  deviations	  
(denoted	  by	  ±)	  in	  micro	  strain	  (x	  10-­‐6)	  are:	  εxx	  =	  3	  ±	  60,	  εyy	  =	  6	  ±	  209,	  εzz	  =	  8	  ±	  69,	  εxy	  =	  1	  ±	  69,	  
εyz	  =	  -­‐6	  ±	  70,	  εxz	  =	  -­‐1	  ±	  44.	  These	  observations	  confirm	  that	  the	  as-­‐made,	  annealed	  micro-­‐
crystal	  is	  practically	  defect	  free.	  The	  standard	  deviations	  of	  the	  measured	  strains	  suggest	  a	  
strain	  uncertainty	  of	  ~2	  x	  10-­‐4	  in	  our	  measurements.	  	  
	  
	  
3.2	  30	  keV	  glancing	  incidence	  FIB	  milling	  
After	  30	  keV	  glancing	  incidence	  FIB	  milling,	  substantially	  larger	  lattice	  displacements	  are	  
measured	  (Fig.	  5	  (a)	  inset).	  They	  are	  concentrated	  at	  the	  ion-­‐milled	  surface	  and	  in	  particular	  
at	  the	  top	  and	  side	  edges.	  The	  reconstructed	  3D-­‐resolved	  lattice	  strain	  tensor,	  plotted	  on	  a	  
section	  through	  the	  crystal	  (Fig.	  5	  (b)),	  now	  shows	  large	  strains	  near	  the	  ion-­‐milled	  surface.	  
The	  εzz	  strain	  component	  (strain	  normal	  to	  the	  ion-­‐milled	  surface)	  is	  negative	  (lattice	  
contraction)	  within	  a	  ~20	  nm	  layer	  at	  the	  ion-­‐implanted	  surface,	  followed	  by	  a	  ~40	  nm	  thick	  
layer	  with	  lattice	  dilatation.	  The	  strain	  components	  in	  the	  plane	  of	  the	  milled	  surface,	  εxx	  and	  
εyy,	  differ	  significantly:	  εyy	  shows	  a	  lattice	  contraction	  near	  the	  ion-­‐milled	  surface,	  whilst	  εxx	  
strains	  are	  comparatively	  small.	  The	  positive	  and	  negative	  lobes	  in	  the	  εyz	  shear	  strain	  
component	  closely	  resemble	  the	  shear	  strain	  pattern	  we	  observed	  after	  normal-­‐incidence	  
FIB	  imaging	  [46].	  
	  
	  
	  
Fig5:	  Lattice	  strains	  in	  the	  crystal	  after	  30	  keV	  glancing	  incidence	  FIB	  milling.	  (a)	  Rendering	  
of	  the	  reconstructed	  crystal	  morphology	  coloured	  according	  to	  the	  measured	  lattice	  
displacement	  magnitude.	  Superimposed	  are	  arrows	  indicating	  the	  orientation	  of	  x,y	  and	  z	  
coordinates.	  Also	  shown	  is	  the	  location	  of	  the	  plane	  on	  which	  strains	  in	  (b)	  are	  plotted.	  (b)	  
Plots	  of	  the	  6	  independent	  components	  of	  the	  lattice	  strain	  tensor.	  The	  scalebar	  corresponds	  
to	  300	  nm.	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For	  more	  detailed	  analysis,	  profiles	  of	  εxx,	  εyy	  and	  εzz,	  along	  lines	  in	  the	  z-­‐direction	  (normal	  to	  
ion-­‐milled	  surface)	  were	  extracted	  (total	  of	  645	  line	  profiles	  on	  a	  grid	  of	  43	  x	  15	  positions	  in	  x	  
and	  y	  respectively	  with	  7	  nm	  point	  spacing).	  The	  average	  value	  and	  standard	  deviation	  of	  
each	  strain	  component	  (±	  error	  bars)	  are	  plotted	  as	  a	  function	  of	  distance	  from	  the	  ion-­‐
milled	  surface	  in	  Fig.	  6	  (a).	  For	  comparison,	  Fig.	  6	  (c)	  and	  (d)	  respectively	  show	  the	  strain	  
profiles	  for	  30	  keV	  FIB	  imaging	  (50	  pA,	  4.2	  x	  104	  ions/	  μm2	  single	  imaging	  scan)	  and	  FIB	  
milling	  (50	  pA,	  1.8	  x	  108	  ions/	  μm2,	  40	  nm	  of	  material	  removed),	  both	  at	  normal	  incidence	  
(from	  [46]).	  In	  all	  plots	  the	  strain	  component	  normal	  to	  the	  ion-­‐exposed	  surface	  is	  plotted	  in	  
red	  and	  the	  strain	  uncertainty	  (~2	  x	  10-­‐4)	  is	  superimposed	  as	  a	  grey	  band.	  	  
	  
	  
	  
Fig6:	  Comparison	  of	  FIB-­‐induced	  lattice	  strain.	  (a)	  and	  (b)	  respectively	  show	  strains	  
produced	  by	  30	  keV	  and	  5	  keV	  glancing	  incidence	  FIB	  milling.	  Strains	  due	  to	  30	  keV	  normal	  
incidence	  FIB	  milling	  at	  low	  dose	  (4.2	  x	  104	  ions/	  μm2)	  and	  high	  dose	  (1.8	  x	  108	  ions/	  μm2)	  are	  
shown	  in	  (c)	  and	  (d)	  respectively.	  The	  data	  in	  (c)	  and	  (d)	  is	  described	  in	  detail	  in	  [46].	  All	  
graphs	  show	  the	  out-­‐of	  plane	  direct	  strain	  (red	  symbols)	  and	  the	  two	  in-­‐plane	  strains	  (blue	  
symbols)	  plotted	  as	  a	  function	  of	  distance	  from	  the	  ion-­‐milled	  crystal	  surface.	  
	  
	  
Considering	  the	  strain	  component	  normal	  to	  the	  ion-­‐milled	  surface,	  several	  interesting	  
observations	  can	  be	  made:	  Normal-­‐incidence	  FIB	  only	  causes	  lattice	  contraction,	  irrespective	  
of	  dose.	  For	  glancing	  incidence	  FIB	  milling	  there	  is	  lattice	  contraction	  in	  a	  ~20	  nm	  thick	  layer,	  
followed	  by	  lattice	  dilatation	  in	  a	  ~40	  nm	  thick	  layer.	  The	  magnitude	  of	  lattice	  strains	  is	  
similar	  in	  both	  cases,	  despite	  ~5	  times	  greater	  dpa	  and	  injected	  Ga	  concentration	  in	  normal	  
incidence	  FIB	  milling	  (Fig.	  2).	  Surprisingly	  the	  largest	  lattice	  strains	  were	  measured	  for	  FIB-­‐
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imaging	  at	  normal	  incidence	  (Fig.	  6	  (c)),	  and	  which	  has	  the	  lowest	  dpa	  (max.	  0.025	  dpa	  in	  
damaged	  layer)	  and	  injected	  Ga	  concentration	  (max.	  45	  appm	  in	  damaged	  layer)	  [46].	  	  
	  
For	  normal-­‐incidence	  FIB	  exposure,	  direct	  strains	  in	  the	  plane	  of	  the	  ion-­‐milled	  surface	  are	  
small	  and	  have	  similar	  magnitude	  (Fig.	  6	  (c)	  and	  (d)).	  This	  behaviour	  is	  expected	  if	  ion-­‐
bombardment-­‐induced	  defects	  are	  randomly	  oriented	  and	  thus	  give	  rise	  to	  a	  volumetric	  
Eigenstrain,	  a	  frequently	  made	  assumption	  when	  modelling	  implantation	  damage	  
[43,46,68,69].	  For	  glancing	  incidence	  FIB	  milling	  a	  markedly	  different	  behaviour	  is	  observed	  
(Fig.	  6	  (a)):	  The	  in-­‐plane	  strain	  perpendicular	  to	  the	  ion-­‐beam	  direction,	  εxx,	  is	  close	  to	  zero.	  
However,	  the	  εyy	  component,	  which	  is	  approximately	  parallel	  to	  the	  ion-­‐beam,	  is	  large	  and	  
negative	  within	  a	  ~50	  nm	  thick	  surface	  layer.	  This	  shows	  that	  the	  direction	  of	  ion-­‐
implantation	  is	  important	  and	  that	  off-­‐normal	  incidence	  implantation	  leads	  to	  an	  anisotropic	  
Eigenstrain.	  Considering	  the	  defect	  dipole	  tensor	  [70,71],	  this	  suggests	  a	  preferential	  
alignment	  of	  defects,	  in	  contrast	  to	  the	  usually	  assumed	  randomly-­‐oriented	  defect	  
population.	  
	  
	  
	  
Fig7:	  Defects	  after	  30	  keV	  glancing	  incidence	  FIB	  milling.	  Semi-­‐transparent	  rendering	  of	  the	  
recovered	  crystal	  morphology.	  Superimposed	  are	  defects,	  coloured	  according	  to	  their	  
burgers	  vector	  directions.	  Defects	  for	  which	  the	  burgers	  vector	  could	  not	  be	  unambiguously	  
determined	  are	  shown	  in	  black.	  Two	  different	  viewing	  directions	  of	  the	  crystal	  are	  shown	  to	  
convey	  the	  3D	  arrangement	  of	  defects.	  The	  arrows	  in	  the	  coordinate	  system	  are	  plotted	  with	  
a	  length	  of	  300	  nm.	  
	  
	  
The	  reconstructed	  crystal	  morphology	  also	  shows	  numerous	  “pits”	  near	  the	  top	  edge	  of	  the	  
milled	  surface	  (Fig.	  3	  (c)).	  Large	  strain	  variations	  in	  this	  area	  can	  be	  seen	  in	  Fig.	  5	  (b).	  
Together	  they	  suggest	  the	  presence	  of	  larger	  defects,	  such	  as	  dislocation	  lines,	  which	  
manifest	  themselves	  as	  ‘pipes	  of	  missing	  intensity’	  in	  BCDI	  measurements	  [46,61,72].	  A	  
dislocation	  with	  burgers	  vector,	  b,	  will	  only	  appear	  in	  the	  phase	  reconstructed	  from	  a	  hkl	  
reflection	  if	  qhkl ⋅b ≠ 0 .	  Thus,	  by	  considering	  defect	  visibility	  in	  several	  reflections,	  the	  
burgers	  vector	  of	  specific	  defects	  can	  be	  determined.	  For	  face	  centred	  cubic	  (fcc)	  gold,	  
dislocations	  with	  <110>	  burgers	  vector	  direction	  are	  expected	  [73].	  Fig.	  7	  shows	  the	  
dislocations	  that	  could	  be	  identified	  in	  the	  crystal.	  The	  FIB-­‐milled	  surface	  incidence	  only	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shows	  a	  few	  small	  isolated	  defects.	  This	  is	  in	  contrast	  to	  our	  observations	  of	  normal	  
incidence	  FIB	  milling,	  where	  an	  extended	  network	  of	  dislocations	  formed	  across	  the	  FIB-­‐
milled	  crystal	  face	  [46].	  However,	  the	  large	  lattice	  strains	  caused	  by	  glancing	  incidence	  FIB	  
milling	  (Fig.	  6	  (a))	  indicate	  a	  high	  density	  of	  defects	  below	  the	  resolution	  of	  the	  present	  
measurements.	  	  
	  
Several	  dislocation	  loops	  can	  be	  seen	  at	  the	  top	  edge	  of	  the	  ion-­‐milled	  surface	  (Fig.	  7).	  These	  
are	  likely	  to	  be	  due	  to	  the	  tails	  of	  the	  ion	  beam	  impacting	  the	  crystal	  at	  near-­‐normal	  
incidence.	  A	  similar	  effect	  has	  been	  reported	  in	  FIB-­‐milled	  Al	  micro-­‐pillars	  that	  show	  a	  dense	  
dislocation	  network	  near	  the	  top	  of	  the	  as-­‐machined	  pillars	  [38].	  Indeed	  careful	  examination	  
of	  TEM	  images	  from	  previous	  micro-­‐pillar	  studies	  reveals	  high	  defect	  densities	  near	  the	  top	  
of	  the	  undeformed	  samples	  [74,75].	  In	  micro-­‐mechanics	  samples	  designed	  for	  bending,	  the	  
edges	  where	  such	  large	  defects	  would	  form	  are	  generally	  at	  the	  extremities	  of	  the	  
crossection.	  During	  deformation	  these	  regions	  furthest	  from	  the	  neutral	  axis	  will	  experience	  
the	  greatest	  strains,	  and	  hence	  initiation	  of	  plastic	  deformation	  is	  expected	  here.	  Providing	  
additional,	  FIB-­‐induced,	  dislocation	  sources	  in	  these	  areas	  could	  significantly	  modify	  
deformation	  behaviour.	  
	  
	  
3.3	  5	  keV	  glancing	  incidence	  FIB	  polishing	  
Lattice	  strains	  in	  the	  micro-­‐crystal	  after	  5	  keV	  glancing	  incidence	  FIB	  polishing	  are	  shown	  in	  
Fig.	  8.	  Strains	  near	  the	  ion-­‐milled	  surface	  are	  substantially	  smaller	  than	  observed	  after	  the	  
30	  keV	  FIB	  milling	  step.	  In	  the	  centre	  of	  the	  crystal	  spatial	  strain	  oscillations	  can	  be	  seen.	  
These	  are	  surprising	  since	  the	  crystal	  core	  is	  expected	  to	  be	  largely	  strain	  free.	  These	  strain	  
oscillations	  are	  likely	  to	  be	  the	  manifestation	  of	  an	  increased	  noise	  floor	  as	  only	  3	  reflections	  
could	  be	  recorded	  after	  low-­‐energy	  FIB	  polishing,	  compared	  to	  6	  for	  the	  as-­‐made	  crystal	  and	  
after	  high	  energy	  FIB	  milling.	  Fortunately	  the	  amplitude	  of	  strain	  oscillations	  (Fig.	  8)	  is	  
significantly	  smaller	  than	  the	  strains	  induced	  by	  FIB	  milling	  (Fig.	  5)	  and	  thus	  does	  not	  affect	  
our	  analysis.	  
	  
To	  analyse	  the	  strains	  cause	  by	  low	  energy	  FIB	  polishing	  in	  more	  detail,	  the	  direct	  lattice	  
strain	  components	  were	  extracted	  for	  lines	  normal	  to	  the	  ion-­‐implanted	  surface	  (Fig.	  6	  (b)).	  
At	  depths	  >20	  nm	  some	  strain	  oscillations	  are	  seen	  as	  discussed	  above,	  however	  their	  
magnitude	  is	  less	  than	  the	  estimated	  strain	  uncertainty	  of	  ~2	  x	  10-­‐4	  in	  our	  measurements.	  
Within	  a	  ~20	  nm	  thick	  layer	  of	  the	  ion-­‐implanted	  surface	  the	  out-­‐of-­‐plane	  strain	  is	  positive	  
(lattice	  expansion),	  whilst	  the	  in-­‐plane	  strain	  components	  are	  close	  to	  zero.	  The	  near-­‐surface	  
magnitude	  of	  the	  out-­‐of-­‐plane	  strain	  is	  approximately	  half	  that	  measured	  after	  30	  keV	  
glancing	  incidence	  (Fig.	  6(a))	  or	  normal	  incidence	  (Fig.	  6(d))	  FIB	  milling.	  The	  reduction	  of	  the	  
strained	  layer	  thickness	  from	  ~60	  nm	  for	  30	  keV	  glancing	  incidence	  milling	  to	  ~20	  nm	  for	  5	  
keV	  polishing	  is	  consistent	  with	  the	  calculated	  damage	  profiles	  (Fig.	  2),	  which,	  for	  a	  given	  
damage	  level,	  show	  a	  ~3	  times	  thicker	  damage	  layer	  for	  30	  keV	  then	  5	  keV	  ion	  energy.	  In	  Si	  a	  
much	  greater	  reduction	  in	  the	  damaged	  surface	  layer	  thickness	  from	  ~22	  nm	  (30	  keV)	  to	  2.5	  
nm	  (5	  keV)	  has	  been	  reported	  when	  reducing	  Ga-­‐ion	  energy	  [3,30].	  This	  suggests	  that	  the	  
scaling	  of	  damage	  depth	  with	  ion	  energy	  cannot	  simply	  be	  based	  on	  Si.	  Rather	  the	  specific	  
material	  system	  and	  associated	  damage	  mechanisms	  must	  be	  considered.	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Fig.	  8:	  Lattice	  strains	  after	  5	  keV	  glancing	  incidence	  FIB	  polishing.	  (a)	  Recovered	  crystal	  
morphology	  coloured	  according	  to	  the	  magnitude	  of	  the	  lattice	  displacement	  at	  the	  crystal	  
surface.	  Superimposed	  are	  the	  x,	  y	  and	  z	  coordinates	  used	  to	  plot	  lattice	  strains,	  as	  well	  as	  
the	  plane	  on	  which	  lattice	  strains	  in	  (b)	  are	  shown.	  (b)	  Six	  independent	  components	  of	  the	  
lattice	  strain	  tensor,	  plotted	  on	  a	  y-­‐z	  section	  through	  the	  crystal.	  The	  scale	  bar	  is	  300	  nm	  in	  
length.	  	  
	  
	  
An	  interesting	  question	  concerns	  the	  sign	  of	  the	  near-­‐surface	  out-­‐of-­‐plane	  strain	  after	  5	  keV	  
polishing.	  At	  room	  temperature,	  self-­‐interstitials	  in	  gold	  are	  highly	  mobile,	  whilst	  vacancies	  
have	  a	  higher	  migration	  energy	  [76–78].	  The	  relaxation	  volume	  of	  a	  vacancy	  is	  small	  and	  
negative,	  whilst	  the	  relaxation	  volume	  of	  a	  self-­‐interstitial	  is	  large	  and	  positive.	  Thus,	  
assuming	  a	  damage	  microstructure	  where	  vacancies	  are	  retained	  and	  self-­‐interstitials	  
migrate	  to	  the	  sample	  surface,	  a	  lattice	  contraction	  is	  expected.	  This	  is	  what	  we	  previously	  
observed	  for	  30	  keV	  normal	  incidence	  FIB	  milling	  [46].	  The	  near-­‐surface	  dilatational	  strain	  
after	  5	  keV	  FIB	  polishing	  may	  be	  explained	  by	  the	  high	  near-­‐surface	  Ga	  concentration,	  as	  the	  
relaxation	  volume	  of	  substitutional	  Ga	  in	  Au,	  though	  small,	  is	  positive	  [46].	  
	  
By	  considering	  the	  amplitude	  and	  phase	  of	  the	  complex	  electron	  density	  recovered	  from	  
different	  crystal	  reflections	  the	  presence	  of	  larger	  lattice	  defects	  can	  be	  analysed.	  Fig.	  9	  
shows	  that	  the	  FIB-­‐polished	  surface	  is	  free	  of	  extended	  defects.	  This	  directly	  demonstrates	  
the	  effectiveness	  of	  low-­‐energy	  FIB	  milling	  for	  removing	  defects	  due	  to	  previous	  milling	  
steps.	  Surprisingly	  a	  new	  dislocation	  loop	  has	  appeared	  on	  the	  opposite	  side	  of	  the	  crystal,	  
which	  was	  not	  exposed	  to	  ion-­‐beam	  milling.	  Fig.	  7	  confirms	  that	  this	  dislocation	  loop	  was	  not	  
present	  prior	  to	  the	  low	  energy	  FIB	  milling.	  Its	  exact	  origin	  remains	  unclear,	  though	  it	  might	  
have	  been	  produced	  by	  FIB-­‐milling-­‐induced	  stress	  relaxation	  [79–81].	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Fig.	  9:	  Defects	  after	  5	  keV	  glancing	  incidence	  FIB	  polishing.	  Semi-­‐transparent	  3D	  rendering	  
of	  the	  reconstructed	  crystal	  morphology.	  Superimposed	  are	  lattice	  defects	  coloured	  
according	  to	  their	  burgers	  vector.	  Two	  views	  of	  the	  crystal	  are	  shown	  to	  aid	  visualisation	  of	  
the	  3D	  location	  of	  the	  dislocation	  loop.	  The	  axes	  of	  the	  coordinate	  system	  have	  been	  plotted	  
with	  a	  length	  of	  300	  nm.	  
	  
	  
4.	  Conclusions	  
We	  have	  a	  presented	  a	  detailed	  experimental	  investigation	  of	  the	  residual	  lattice	  strains	  and	  
defects	  produced	  by	  glancing-­‐incidence	  focussed	  ion	  beam	  machining.	  Using	  multi-­‐reflection	  
Bragg	  coherent	  X-­‐ray	  diffraction	  we	  could	  probe	  the	  lattice	  distortions	  inside	  an	  initially	  
pristine	  gold	  micro-­‐crystal	  after	  subsequent	  30	  keV	  and	  5	  keV	  milling	  steps.	  Our	  results	  show	  
that	  while	  30	  keV	  glancing	  incidence	  FIB	  milling	  introduces	  fewer	  large	  defects	  than	  normal	  
incidence	  milling,	  the	  lattice	  strains	  caused	  by	  both	  methods	  have	  similar	  magnitude	  and	  
extend	  over	  50	  nm	  into	  the	  sample.	  At	  sample	  corners,	  where	  the	  ion	  beam	  tails	  impact	  the	  
surface	  at	  near-­‐normal	  incidence,	  we	  observe	  the	  formation	  of	  large	  dislocation	  loops,	  
similar	  to	  those	  found	  after	  normal	  incidence	  FIB	  milling.	  Thus,	  for	  applications	  where	  
minimising	  FIB-­‐induced	  strains	  and	  defects	  is	  important,	  additional	  steps	  to	  remove	  damage	  
caused	  by	  high-­‐energy	  FIB	  milling	  must	  be	  taken.	  Importantly	  this	  is	  the	  case	  irrespective	  of	  
whether	  normal	  or	  glancing	  incidence	  FIB	  milling	  conditions	  were	  employed.	  Our	  
observations	  of	  the	  same	  crystal	  after	  5	  keV	  FIB	  polishing	  show	  that	  large	  defects	  and	  lattice	  
strains	  caused	  by	  previous	  higher	  energy	  milling	  steps	  could	  be	  successfully	  removed.	  
However,	  even	  at	  this	  lower	  energy,	  FIB-­‐induced	  strains	  can	  be	  seen	  within	  a	  ~20	  nm	  thick	  
surface	  layer.	  Our	  results	  highlight	  the	  imperative	  need	  to	  carefully	  account	  for	  and	  manage	  
FIB-­‐induced	  damage.	  Furthermore	  they	  demonstrate	  that	  low	  energy	  ion-­‐polishing	  provides	  
an	  effective	  approach	  for	  minimising	  FIB-­‐induced	  strains	  in	  micro-­‐mechanics	  and	  strain	  
microscopy	  samples.	  	  
	  
	  
Acknowledgements	  
We	  acknowledge	  funding	  from	  the	  European	  Research	  Council	  (ERC)	  under	  the	  European	  
Union’s	  Horizon	  2020	  research	  and	  innovation	  programme	  (grant	  agreement	  No	  714697).	  
This	  research	  used	  resources	  of	  the	  Advanced	  Photon	  Source,	  a	  U.S.	  Department	  of	  Energy	  
(DOE)	  Office	  of	  Science	  User	  Facility	  operated	  for	  the	  DOE	  Office	  of	  Science	  by	  Argonne	  
	   16	  
National	  Laboratory	  under	  Contract	  No.	  DE-­‐AC02-­‐06CH11357.	  Use	  of	  the	  Center	  for	  
Nanoscale	  Materials,	  an	  Office	  of	  Science	  user	  facility,	  was	  supported	  by	  the	  U.S.	  
Department	  of	  Energy,	  Office	  of	  Science,	  Office	  of	  Basic	  Energy	  Sciences,	  under	  Contract	  No.	  
DE-­‐AC02-­‐06CH11357.	  This	  work	  was	  in	  part	  carried	  out	  within	  the	  framework	  of	  the	  
EUROfusion	  Consortium	  and	  received	  funding	  from	  the	  Euratom	  research	  and	  training	  
programme	  2014-­‐2018	  under	  grant	  agreement	  No	  633053.	  The	  views	  and	  opinions	  
expressed	  herein	  do	  not	  necessarily	  reflect	  those	  of	  the	  European	  Commission.	  Work	  
performed	  at	  Brookhaven	  National	  Laboratory	  was	  supported	  by	  the	  US	  Department	  of	  
Energy,	  Office	  of	  Basic	  Energy	  Sciences,	  contract	  DE-­‐SC00112704.	  
	  
	  
References	  
[1]	   M.W.	  Phaneuf,	  Applications	  of	  focused	  ion	  beam	  microscopy	  to	  materials	  science	  
specimens,	  Micron.	  30	  (1999)	  277–288.	  doi:10.1016/S0968-­‐4328(99)00012-­‐8.	  
[2]	   C.A.	  Volkert,	  A.M.	  Minor,	  Focused	  Ion	  Beam	  Microscopy	  and	  Micromachining,	  MRS	  
Bull.	  32	  (2007)	  389–399.	  doi:10.1557/mrs2007.62.	  
[3]	   J.	  Mayer,	  L.A.	  Giannuzzi,	  T.	  Kamino,	  J.	  Michael,	  TEM	  Sample	  Preparation	  and	  FIB-­‐
Induced	  Damage,	  MRS	  Bull.	  32	  (2007)	  400–407.	  doi:doi:10.1557/mrs2007.63.	  
[4]	   L.A.	  Giannuzzi,	  F.A.	  Stevie,	  A	  review	  of	  focused	  ion	  beam	  milling	  techniques	  for	  TEM	  
specimen	  preparation,	  Micron.	  30	  (1999)	  197–204.	  
doi:http://dx.doi.org/10.1016/S0968-­‐4328(99)00005-­‐0.	  
[5]	   J.	  Li,	  T.	  Malis,	  S.	  Dionne,	  Recent	  advances	  in	  FIB-­‐TEM	  specimen	  preparation	  
techniques,	  Mater.	  Charact.	  57	  (2006)	  64–70.	  doi:10.1016/j.matchar.2005.12.007.	  
[6]	   M.	  Lekstrom,	  M.A.	  McLachlan,	  S.	  Husain,	  D.W.	  McComb,	  B.A.	  Shollock,	  Using	  the	  in	  
situ	  lift-­‐out	  technique	  to	  prepare	  TEM	  specimens	  on	  a	  single-­‐beam	  FIB	  instrument,	  J.	  
Phys.	  Conf.	  Ser.	  126	  (2008)	  12028.	  doi:10.1088/1742-­‐6596/126/1/012028.	  
[7]	   M.K.	  Miller,	  K.F.	  Russell,	  K.	  Thompson,	  R.	  Alvis,	  D.J.	  Larson,	  Review	  of	  atom	  probe	  FIB-­‐
based	  specimen	  preparation	  methods,	  Microsc.	  Microanal.	  13	  (2007)	  428–436.	  
doi:10.1017/S1431927607070845.	  
[8]	   P.J.	  Felfer,	  T.	  Alam,	  S.P.	  Ringer,	  J.M.	  Cairney,	  A	  reproducible	  method	  for	  damage-­‐free	  
site-­‐specific	  preparation	  of	  atom	  probe	  tips	  from	  interfaces,	  Microsc.	  Res.	  Tech.	  75	  
(2012)	  484–491.	  doi:10.1002/jemt.21081.	  
[9]	   K.	  Babinsky,	  R.	  De	  Kloe,	  H.	  Clemens,	  S.	  Primig,	  A	  novel	  approach	  for	  site-­‐specific	  atom	  
probe	  specimen	  preparation	  by	  focused	  ion	  beam	  and	  transmission	  electron	  
backscatter	  diffraction,	  Ultramicroscopy.	  144	  (2014)	  9–18.	  
doi:10.1016/j.ultramic.2014.04.003.	  
[10]	   K.	  Thompson,	  D.	  Lawrence,	  D.J.	  Larson,	  J.D.	  Olson,	  T.F.	  Kelly,	  B.	  Gorman,	  In	  situ	  site-­‐
specific	  specimen	  preparation	  for	  atom	  probe	  tomography,	  Ultramicroscopy.	  107	  
(2007)	  131–139.	  doi:10.1016/j.ultramic.2006.06.008.	  
[11]	   G.B.	  Thompson,	  M.K.	  Miller,	  H.L.	  Fraser,	  Some	  aspects	  of	  atom	  probe	  specimen	  
preparation	  and	  analysis	  of	  thin	  film	  materials,	  Ultramicroscopy.	  100	  (2004)	  25–34.	  
doi:10.1016/j.ultramic.2004.01.010.	  
[12]	   L.	  Holzer,	  Review	  of	  FIB-­‐tomography,	  Nanofabrication	  Using	  Focus.	  Ion	  Electron	  
Beams	  Princ.	  Appl.	  (2011)	  410–435.	  http://books.google.de/books?id=U-­‐
0mvQcHX5YC&dq=Review+of+FIB-­‐
tomography+Lorenz+Holzer&hl=de&source=gbs_navlinks_s.	  
[13]	   C.	  Kizilyaprak,	  J.	  Daraspe,	  B.M.	  Humbel,	  Focused	  ion	  beam	  scanning	  electron	  
	   17	  
microscopy	  in	  biology,	  J.	  Microsc.	  254	  (2014)	  109–114.	  doi:10.1111/jmi.12127.	  
[14]	   D.A.M.	  De	  Winter,	  F.	  Meirer,	  B.M.	  Weckhuysen,	  FIB-­‐SEM	  Tomography	  Probes	  the	  
Mesoscale	  Pore	  Space	  of	  an	  Individual	  Catalytic	  Cracking	  Particle,	  ACS	  Catal.	  6	  (2016)	  
3158–3167.	  doi:10.1021/acscatal.6b00302.	  
[15]	   Y.	  Liu,	  H.	  King,	  M.	  van	  Huis,	  M.	  Drury,	  O.	  Plümper,	  Nano-­‐Tomography	  of	  Porous	  
Geological	  Materials	  Using	  Focused	  Ion	  Beam-­‐Scanning	  Electron	  Microscopy,	  
Minerals.	  6	  (2016)	  104.	  doi:10.3390/min6040104.	  
[16]	   M.D.	  Uchic,	  M.A.	  Groeber,	  D.M.	  Dimiduk,	  J.P.	  Simmons,	  3D	  microstructural	  
characterization	  of	  nickel	  superalloys	  via	  serial-­‐sectioning	  using	  a	  dual	  beam	  FIB-­‐SEM,	  
Scr.	  Mater.	  55	  (2006)	  23–28.	  doi:10.1016/j.scriptamat.2006.02.039.	  
[17]	   M.A.	  Groeber,	  B.K.	  Haley,	  M.D.	  Uchic,	  D.M.	  Dimiduk,	  S.	  Ghosh,	  3D	  reconstruction	  and	  
characterization	  of	  polycrystalline	  microstructures	  using	  a	  FIB-­‐SEM	  system,	  Mater.	  
Charact.	  57	  (2006)	  259–273.	  doi:10.1016/j.matchar.2006.01.019.	  
[18]	   T.L.	  Burnett,	  R.	  Kelley,	  B.	  Winiarski,	  L.	  Contreras,	  M.	  Daly,	  A.	  Gholinia,	  M.G.	  Burke,	  P.J.	  
Withers,	  Large	  volume	  serial	  section	  tomography	  by	  Xe	  Plasma	  FIB	  dual	  beam	  
microscopy,	  Ultramicroscopy.	  161	  (2016)	  119–129.	  
doi:10.1016/j.ultramic.2015.11.001.	  
[19]	   M.D.	  Uchic,	  D.M.	  Dimiduk,	  J.N.	  Florando,	  W.D.	  Nix,	  Sample	  Dimensions	  Influence	  
Strength	  and	  Crystal	  Plasticity,	  Science	  (80-­‐.	  ).	  305	  (2004)	  986–989.	  
doi:10.1126/science.1098993.	  
[20]	   J.R.	  Greer,	  W.C.	  Oliver,	  W.D.	  Nix,	  Size	  dependence	  of	  mechanical	  properties	  of	  gold	  at	  
the	  micron	  scale	  in	  the	  absence	  of	  strain	  gradients,	  Acta	  Mater.	  53	  (2005)	  1821–1830.	  
doi:http://dx.doi.org/10.1016/j.actamat.2004.12.031.	  
[21]	   J.R.	  Greer,	  J.T.M.	  De	  Hosson,	  Plasticity	  in	  small-­‐sized	  metallic	  systems:	  Intrinsic	  versus	  
extrinsic	  size	  effect,	  Prog.	  Mater.	  Sci.	  56	  (2011)	  654–724.	  
doi:http://dx.doi.org/10.1016/j.pmatsci.2011.01.005.	  
[22]	   D.E.J.	  Armstrong,	  C.D.	  Hardie,	  J.S.K.L.	  Gibson,	  A.J.	  Bushby,	  P.D.	  Edmondson,	  S.G.	  
Roberts,	  Small-­‐scale	  characterisation	  of	  irradiated	  nuclear	  materials:	  Part	  II	  
nanoindentation	  and	  micro-­‐cantilever	  testing	  of	  ion	  irradiated	  nuclear	  materials,	  J.	  
Nucl.	  Mater.	  462	  (2015)	  374–381.	  
doi:http://dx.doi.org/10.1016/j.jnucmat.2015.01.053.	  
[23]	   C.D.	  Hardie,	  G.R.	  Odette,	  Y.	  Wu,	  S.	  Akhmadaliev,	  S.G.	  Roberts,	  Mechanical	  properties	  
and	  plasticity	  size	  effect	  of	  Fe-­‐6%Cr	  irradiated	  by	  Fe	  ions	  and	  by	  neutrons,	  J.	  Nucl.	  
Mater.	  482	  (2016)	  236–247.	  doi:10.1016/j.jnucmat.2016.10.028.	  
[24]	   D.E.J.	  Armstrong,	  A.J.	  Wilkinson,	  S.G.	  Roberts,	  Micro-­‐mechanical	  measurements	  of	  
fracture	  toughness	  of	  bismuth	  embrittled	  copper	  grain	  boundaries,	  Philos.	  Mag.	  Lett.	  
91	  (2011)	  394–400.	  doi:10.1080/09500839.2011.573813.	  
[25]	   A.	  Stratulat,	  D.E.J.	  Armstrong,	  S.G.	  Roberts,	  Micro-­‐mechanical	  measurement	  of	  
fracture	  behaviour	  of	  individual	  grain	  boundaries	  in	  Ni	  alloy	  600	  exposed	  to	  a	  
pressurized	  water	  reactor	  environment,	  Corros.	  Sci.	  104	  (2016)	  9–16.	  
doi:10.1016/j.corsci.2015.10.019.	  
[26]	   D.	  Kupka,	  N.	  Huber,	  E.T.	  Lilleodden,	  A	  combined	  experimental-­‐numerical	  approach	  for	  
elasto-­‐plastic	  fracture	  of	  individual	  grain	  boundaries,	  J.	  Mech.	  Phys.	  Solids.	  64	  (2014)	  
455–467.	  doi:10.1016/j.jmps.2013.12.004.	  
[27]	   L.	  Feng,	  R.	  Hao,	  J.	  Lambros,	  S.J.	  Dillon,	  The	  influence	  of	  dopants	  and	  complexion	  
transitions	  on	  grain	  boundary	  fracture	  in	  alumina,	  Acta	  Mater.	  142	  (2018)	  121–130.	  
doi:10.1016/J.ACTAMAT.2017.09.002.	  
	   18	  
[28]	   Y.	  Zou,	  P.	  Okle,	  H.	  Yu,	  T.	  Sumigawa,	  T.	  Kitamura,	  S.	  Maiti,	  W.	  Steurer,	  R.	  Spolenak,	  
Fracture	  properties	  of	  a	  refractory	  high-­‐entropy	  alloy:	  In	  situ	  micro-­‐cantilever	  and	  
atom	  probe	  tomography	  studies,	  Scr.	  Mater.	  128	  (2017)	  95–99.	  
doi:10.1016/j.scriptamat.2016.09.036.	  
[29]	   H.	  Chan,	  S.G.	  Roberts,	  J.	  Gong,	  Micro-­‐scale	  fracture	  experiments	  on	  zirconium	  
hydrides	  and	  phase	  boundaries,	  J.	  Nucl.	  Mater.	  475	  (2016)	  105–112.	  
doi:10.1016/j.jnucmat.2016.03.026.	  
[30]	   L.A.	  Giannuzzi,	  R.	  Geurts,	  J.	  Ringnalda,	  2	  keV	  Ga+	  FIB	  Milling	  for	  Reducing	  Amorphous	  
Damage	  in	  Silicon,	  Microsc.	  Microanal.	  11	  (2005)	  828–829.	  
[31]	   D.	  Kiener,	  C.	  Motz,	  M.	  Rester,	  M.	  Jenko,	  G.	  Dehm,	  FIB	  damage	  of	  Cu	  and	  possible	  
consequences	  for	  miniaturized	  mechanical	  tests,	  Mater.	  Sci.	  Eng.	  A.	  459	  (2007)	  262–
272.	  doi:http://dx.doi.org/10.1016/j.msea.2007.01.046.	  
[32]	   I.	  Gutierrez-­‐Urrutia,	  Analysis	  of	  FIB-­‐induced	  damage	  by	  electron	  channelling	  contrast	  
imaging	  in	  the	  SEM,	  J.	  Microsc.	  265	  (2017)	  51–59.	  doi:10.1111/jmi.12462.	  
[33]	   J.	  Yu,	  J.	  Liu,	  J.	  Zhang,	  J.	  Wu,	  TEM	  investigation	  of	  FIB	  induced	  damages	  in	  preparation	  
of	  metal	  material	  TEM	  specimens	  by	  FIB,	  Mater.	  Lett.	  60	  (2006)	  206–209.	  
doi:http://dx.doi.org/10.1016/j.matlet.2005.08.018.	  
[34]	   S.	  Rubanov,	  P.R.	  Munroe,	  FIB-­‐induced	  damage	  in	  silicon,	  J	  Microsc.	  214	  (2004)	  213–
221.	  doi:10.1111/j.0022-­‐2720.2004.01327.x.	  
[35]	   S.	  Shim,	  H.	  Bei,	  M.K.	  Miller,	  G.M.	  Pharr,	  E.P.	  George,	  Effects	  of	  focused	  ion	  beam	  
milling	  on	  the	  compressive	  behavior	  of	  directionally	  solidified	  micropillars	  and	  the	  
nanoindentation	  response	  of	  an	  electropolished	  surface,	  Acta	  Mater.	  57	  (2009)	  503–
510.	  doi:http://dx.doi.org/10.1016/j.actamat.2008.09.033.	  
[36]	   H.	  Bei,	  S.	  Shim,	  M.K.	  Miller,	  G.M.	  Pharr,	  E.P.	  George,	  Effects	  of	  focused	  ion	  beam	  
milling	  on	  the	  nanomechanical	  behavior	  of	  a	  molybdenum-­‐alloy	  single	  crystal,	  Appl.	  
Phys.	  Lett.	  91	  (2007)	  1–3.	  doi:10.1063/1.2784948.	  
[37]	   A.T.	  Jennings,	  M.J.	  Burek,	  J.R.	  Greer,	  Microstructure	  versus	  Size:	  Mechanical	  
Properties	  of	  Electroplated	  Single	  Crystalline	  Cu	  Nanopillars,	  Phys.	  Rev.	  Lett.	  104	  
(2010)	  135503.	  http://link.aps.org/doi/10.1103/PhysRevLett.104.135503.	  
[38]	   S.	  Lee,	  J.	  Jeong,	  Y.	  Kim,	  S.M.	  Han,	  D.	  Kiener,	  S.H.	  Oh,	  FIB-­‐induced	  dislocations	  in	  Al	  
submicron	  pillars:	  Annihilation	  by	  thermal	  annealing	  and	  effects	  on	  deformation	  
behavior,	  Acta	  Mater.	  110	  (2016)	  283–294.	  doi:10.1016/j.actamat.2016.03.017.	  
[39]	   J.	  Hütsch,	  E.T.	  Lilleodden,	  The	  influence	  of	  focused-­‐ion	  beam	  preparation	  technique	  
on	  microcompression	  investigations:	  Lathe	  vs.	  annular	  milling,	  Scr.	  Mater.	  77	  (2014)	  
49–51.	  doi:10.1016/j.scriptamat.2014.01.016.	  
[40]	   A.M.	  Korsunsky,	  J.	  Guenole,	  E.	  Salvati,	  T.	  Sui,	  M.	  Mousavi,	  A.	  Prakash,	  E.	  Bitzek,	  
Quantifying	  eigenstrain	  distributions	  induced	  by	  focused	  ion	  beam	  damage	  in	  silicon,	  
Mater.	  Lett.	  185	  (2016)	  47–49.	  doi:10.1016/j.matlet.2016.08.111.	  
[41]	   F.	  Hofmann,	  N.W.	  Phillips,	  R.J.	  Harder,	  W.	  Liu,	  J.N.	  Clark,	  I.K.	  Robinson,	  B.	  Abbey,	  
Micro-­‐beam	  Laue	  alignment	  of	  multi-­‐reflection	  Bragg	  coherent	  diffraction	  imaging	  
measurements,	  J.	  Synchrotron	  Radiat.	  24	  (2017)	  1048–1055.	  
doi:10.1107/S1600577517009183.	  
[42]	   C.	  Lou,	  J.	  Yu,	  L.	  Liu,	  Y.	  Ren,	  X.	  Zhang,	  {10-­‐12}	  twin	  nucleation	  induced	  by	  FIB	  micro-­‐
stress	  in	  magnesium	  single	  crystal,	  Mater.	  Lett.	  (2017).	  
doi:10.1016/J.MATLET.2017.09.031.	  
[43]	   E.	  Salvati,	  T.	  Sui,	  A.J.G.	  Lunt,	  A.M.	  Korsunsky,	  The	  effect	  of	  eigenstrain	  induced	  by	  ion	  
beam	  damage	  on	  the	  apparent	  strain	  relief	  in	  FIB-­‐DIC	  residual	  stress	  evaluation,	  
	   19	  
Mater.	  Des.	  92	  (2016)	  649–658.	  doi:http://dx.doi.org/10.1016/j.matdes.2015.12.015.	  
[44]	   Y.-­‐R.	  Kim,	  P.	  Chen,	  M.J.	  Aziz,	  D.	  Branton,	  J.J.	  Vlassak,	  Focused	  ion	  beam	  induced	  
deflections	  of	  freestanding	  thin	  films,	  J.	  Appl.	  Phys.	  100	  (2006)	  104322.	  
doi:10.1063/1.2363900.	  
[45]	   M.J.	  Samayoa,	  M.A.	  Haque,	  P.H.	  Cohen,	  M.J.S.	  and	  M.A.H.	  and	  P.H.	  Cohen,	  Focused	  
ion	  beam	  irradiation	  effects	  on	  nanoscale	  freestanding	  thin	  films,	  J.	  Micromechanics	  
Microengineering.	  18	  (2008)	  95005.	  doi:10.1088/0960-­‐1317/18/9/095005.	  
[46]	   F.	  Hofmann,	  E.	  Tarleton,	  R.J.	  Harder,	  N.W.	  Phillips,	  P.-­‐W.	  Ma,	  J.N.	  Clark,	  I.K.	  Robinson,	  
B.	  Abbey,	  W.	  Liu,	  C.E.	  Beck,	  3D	  lattice	  distortions	  and	  defect	  structures	  in	  ion-­‐
implanted	  nano-­‐crystals,	  Sci.	  Rep.	  7	  (2017)	  45993.	  
http://dx.doi.org/10.1038/srep45993.	  
[47]	   J.P.	  McCaffrey,	  M.W.	  Phaneuf,	  L.D.	  Madsen,	  Surface	  damage	  formation	  during	  ion-­‐
beam	  thinning	  of	  samples	  for	  transmission	  electron	  microscopy,	  Ultramicroscopy.	  87	  
(2001)	  97–104.	  doi:http://dx.doi.org/10.1016/S0304-­‐3991(00)00096-­‐6.	  
[48]	   R.M.	  Langford,	  A.K.	  Petford-­‐Long,	  Broad	  ion	  beam	  milling	  of	  focused	  ion	  beam	  
prepared	  transmission	  electron	  microscopy	  cross	  sections	  for	  high	  resolution	  electron	  
microscopy,	  J.	  Vac.	  Sci.	  Technol.	  A	  Vacuum,	  Surfaces,	  Film.	  19	  (2001)	  982–985.	  
doi:10.1116/1.1368198.	  
[49]	   P.	  Roediger,	  H.D.	  Wanzenboeck,	  S.	  Waid,	  G.	  Hochleitner,	  E.	  Bertagnolli,	  Focused-­‐ion-­‐
beam-­‐inflicted	  surface	  amorphization	  and	  gallium	  implantation—new	  insights	  and	  
removal	  by	  focused-­‐electron-­‐beam-­‐induced	  etching,	  Nanotechnology.	  22	  (2011)	  
235302.	  doi:10.1088/0957-­‐4484/22/23/235302.	  
[50]	   A.	  Ulvestad,	  J.N.	  Clark,	  R.	  Harder,	  I.K.	  Robinson,	  O.G.	  Shpyrko,	  3D	  Imaging	  of	  Twin	  
Domain	  Defects	  in	  Gold	  Nanoparticles,	  Nano	  Lett.	  15	  (2015)	  4066–4070.	  
doi:10.1021/acs.nanolett.5b01104.	  
[51]	   J.	  Gong,	  T.	  Benjamin	  Britton,	  M.A.	  Cuddihy,	  F.P.E.	  Dunne,	  A.J.	  Wilkinson,	  〈a〉	  
Prismatic,	  〈a〉	  basal,	  and	  〈c+a〉	  slip	  strengths	  of	  commercially	  pure	  Zr	  by	  micro-­‐
cantilever	  tests,	  Acta	  Mater.	  96	  (2015)	  249–257.	  
doi:http://dx.doi.org/10.1016/j.actamat.2015.06.020.	  
[52]	   D.	  Kiener,	  W.	  Grosinger,	  G.	  Dehm,	  R.	  Pippan,	  A	  further	  step	  towards	  an	  understanding	  
of	  size-­‐dependent	  crystal	  plasticity:	  In	  situ	  tension	  experiments	  of	  miniaturized	  single-­‐
crystal	  copper	  samples,	  Acta	  Mater.	  56	  (2008)	  580–592.	  
doi:http://dx.doi.org/10.1016/j.actamat.2007.10.015.	  
[53]	   L.L.	  Li,	  Z.J.	  Zhang,	  J.	  Tan,	  C.B.	  Jiang,	  R.T.	  Qu,	  P.	  Zhang,	  J.B.	  Yang,	  Z.F.	  Zhang,	  Stepwise	  
work	  hardening	  induced	  by	  individual	  grain	  boundary	  in	  Cu	  bicrystal	  micropillars,	  5	  
(2015)	  15631.	  http://dx.doi.org/10.1038/srep15631.	  
[54]	   J.F.	  Ziegler,	  M.D.	  Ziegler,	  J.P.	  Biersack,	  SRIM	  -­‐	  The	  stopping	  and	  range	  of	  ions	  in	  matter	  
(2010),	  Nucl.	  Instruments	  Methods	  Phys.	  Res.	  Sect.	  B	  Beam	  Interact.	  with	  Mater.	  
Atoms.	  268	  (2010)	  1818–1823.	  http://www.scopus.com/inward/record.url?eid=2-­‐
s2.0-­‐77953138323&partnerID=40&md5=2770d3e9054108ba976b98b23a5485b1.	  
[55]	   P.	  Jung,	  Average	  atomic-­‐displacement	  energies	  of	  cubic	  metals,	  Phys.	  Rev.	  B.	  23	  
(1981)	  664–670.	  http://link.aps.org/doi/10.1103/PhysRevB.23.664.	  
[56]	   J.W.	  Kim,	  A.	  Ulvestad,	  S.	  Manna,	  R.	  Harder,	  E.	  Fohtung,	  A.	  Singer,	  L.	  Boucheron,	  E.E.	  
Fullerton,	  O.G.	  Shpyrko,	  Observation	  of	  x-­‐ray	  radiation	  pressure	  effects	  on	  
nanocrystals,	  J.	  Appl.	  Phys.	  120	  (2016).	  doi:10.1063/1.4965728.	  
[57]	   I.	  Robinson,	  R.	  Harder,	  Coherent	  X-­‐ray	  diffraction	  imaging	  of	  strain	  at	  the	  nanoscale,	  
Nat.	  Mater.	  8	  (2009)	  291–298.	  http://dx.doi.org/10.1038/nmat2400.	  
	   20	  
[58]	   J.N.	  Clark,	  X.	  Huang,	  R.	  Harder,	  I.K.	  Robinson,	  High-­‐resolution	  three-­‐dimensional	  
partially	  coherent	  diffraction	  imaging,	  Nat.	  Commun.	  3	  (2012)	  993.	  
doi:http://www.nature.com/ncomms/journal/v3/n8/suppinfo/ncomms1994_S1.html.	  
[59]	   C.-­‐C.	  Chen,	  J.	  Miao,	  C.W.	  Wang,	  T.K.	  Lee,	  Application	  of	  optimization	  technique	  to	  
noncrystalline	  x-­‐ray	  diffraction	  microscopy:	  Guided	  hybrid	  input-­‐output	  method,	  Phys.	  
Rev.	  B.	  76	  (2007)	  64113.	  http://link.aps.org/doi/10.1103/PhysRevB.76.064113.	  
[60]	   J.R.	  Fienup,	  Phase	  retrieval	  algorithms:	  a	  comparison,	  Appl.	  Opt.	  21	  (1982)	  2758–
2769.	  http://ao.osa.org/abstract.cfm?URI=ao-­‐21-­‐15-­‐2758.	  
[61]	   J.N.	  Clark,	  J.	  Ihli,	  A.S.	  Schenk,	  Y.-­‐Y.	  Kim,	  A.N.	  Kulak,	  J.M.	  Campbell,	  G.	  Nisbet,	  F.C.	  
Meldrum,	  I.K.	  Robinson,	  Three-­‐dimensional	  imaging	  of	  dislocation	  propagation	  during	  
crystal	  growth	  and	  dissolution,	  Nat.	  Mater.	  14	  (2015)	  780–784.	  
doi:10.1038/nmat4320http://www.nature.com/nmat/journal/v14/n8/abs/nmat4320.
html#supplementary-­‐information.	  
[62]	   S.	  Marchesini,	  H.	  He,	  H.N.	  Chapman,	  S.P.	  Hau-­‐Riege,	  A.	  Noy,	  M.R.	  Howells,	  U.	  
Weierstall,	  J.C.H.	  Spence,	  X-­‐ray	  image	  reconstruction	  from	  a	  diffraction	  pattern	  alone,	  
Phys.	  Rev.	  B.	  68	  (2003)	  140101.	  http://link.aps.org/doi/10.1103/PhysRevB.68.140101.	  
[63]	   M.A.	  Pfeifer,	  G.J.	  Williams,	  I.A.	  Vartanyants,	  R.	  Harder,	  I.K.	  Robinson,	  Three-­‐
dimensional	  mapping	  of	  a	  deformation	  field	  inside	  a	  nanocrystal,	  Nature.	  442	  (2006)	  
63–66.	  
doi:http://www.nature.com/nature/journal/v442/n7098/suppinfo/nature04867_S1.h
tml.	  
[64]	   R.	  Harder,	  M.A.	  Pfeifer,	  G.J.	  Williams,	  I.A.	  Vartaniants,	  I.K.	  Robinson,	  Orientation	  
variation	  of	  surface	  strain,	  Phys.	  Rev.	  B.	  76	  (2007)	  115425.	  
http://link.aps.org/doi/10.1103/PhysRevB.76.115425.	  
[65]	   B.L.	  Henke,	  E.M.	  Gullikson,	  J.C.	  Davis,	  X-­‐Ray	  Interactions:	  Photoabsorption,	  Scattering,	  
Transmission,	  and	  Reflection	  at	  E	  =	  50-­‐30,000	  eV,	  Z	  =	  1-­‐92,	  At.	  Data	  Nucl.	  Data	  Tables.	  
54	  (1993)	  181–342.	  doi:http://dx.doi.org/10.1006/adnd.1993.1013.	  
[66]	   R.	  Cusack,	  N.	  Papadakis,	  New	  Robust	  3-­‐D	  Phase	  Unwrapping	  Algorithms:	  Application	  
to	  Magnetic	  Field	  Mapping	  and	  Undistorting	  Echoplanar	  Images,	  Neuroimage.	  16	  
(2002)	  754–764.	  doi:http://dx.doi.org/10.1006/nimg.2002.1092.	  
[67]	   A.	  Constantinescu,	  A.M.	  Korsunsky,	  Elasticity	  with	  Mathematica,	  Cambridge	  University	  
Press,	  Cambridge,	  2008.	  
[68]	   F.	  Hofmann,	  D.	  Nguyen-­‐Manh,	  M.R.	  Gilbert,	  C.E.	  Beck,	  J.K.	  Eliason,	  A.A.	  Maznev,	  W.	  
Liu,	  D.E.J.	  Armstrong,	  K.A.	  Nelson,	  S.L.	  Dudarev,	  Lattice	  swelling	  and	  modulus	  change	  
in	  a	  helium-­‐implanted	  tungsten	  alloy:	  X-­‐ray	  micro-­‐diffraction,	  surface	  acoustic	  wave	  
measurements,	  and	  multiscale	  modelling,	  Acta	  Mater.	  89	  (2015).	  
doi:10.1016/j.actamat.2015.01.055.	  
[69]	   I.	  DeBroglie,	  C.E.	  Beck,	  W.	  Liu,	  F.	  Hofmann,	  Temperature	  Dependence	  of	  Helium-­‐
-­‐Implantation-­‐-­‐Induced	  Lattice	  Swelling	  in	  Polycrystalline	  Tungsten:	  X-­‐-­‐ray	  Micro-­‐
-­‐Diffraction	  and	  Eigenstrain	  Modelling,	  Scr.	  Mater.	  107	  (2015)	  4.	  
[70]	   S.L.	  Dudarev,	  A.P.	  Sutton,	  Elastic	  interactions	  between	  nano-­‐scale	  defects	  in	  irradiated	  
materials,	  Acta	  Mater.	  125	  (2017)	  425–430.	  doi:10.1016/j.actamat.2016.11.060.	  
[71]	   G.	  Leibfried,	  N.	  Breuer,	  Point	  defects	  in	  Metals	  1	  Introduction	  to	  the	  Theory,	  Springer,	  
Berlin,	  1978.	  
[72]	   A.	  Ulvestad,	  A.	  Singer,	  J.N.	  Clark,	  H.M.	  Cho,	  J.W.	  Kim,	  R.	  Harder,	  J.	  Maser,	  Y.S.	  Meng,	  
O.G.	  Shpyrko,	  Topological	  defect	  dynamics	  in	  operando	  battery	  nanoparticles,	  Science	  
(80-­‐.	  ).	  348	  (2015)	  1344–1347.	  doi:10.1126/science.aaa1313.	  
	   21	  
[73]	   J.P.	  Hirth,	  J.	  Lothe,	  Theory	  of	  Dislocations,	  2nd	  ed.,	  Wiley,	  New	  York,	  1982.	  
[74]	   Q.	  Yu,	  Z.-­‐W.	  Shan,	  J.	  Li,	  X.	  Huang,	  L.	  Xiao,	  J.	  Sun,	  E.	  Ma,	  Strong	  crystal	  size	  effect	  on	  
deformation	  twinning,	  Nature.	  463	  (2010)	  335–338.	  
doi:http://www.nature.com/nature/journal/v463/n7279/suppinfo/nature08692_S1.h
tml.	  
[75]	   Z.W.	  Shan,	  R.K.	  Mishra,	  S.A.	  Syed	  Asif,	  O.L.	  Warren,	  A.M.	  Minor,	  Mechanical	  annealing	  
and	  source-­‐limited	  deformation	  in	  submicrometre-­‐diameter	  Ni	  crystals,	  Nat	  Mater.	  7	  
(2008)	  115–119.	  
doi:http://www.nature.com/nmat/journal/v7/n2/suppinfo/nmat2085_S1.html.	  
[76]	   P.	  Ehrhart,	  Atomic	  Defects	  in	  Metals:	  Au,	  Springer-­‐Verlag	  Berlin	  Heidelberg,	  1991.	  
doi:10.1007/10011948_59.	  
[77]	   K.	  Sonnenberg,	  U.	  Dedek,	  Migration	  energy	  of	  single	  vacancies	  in	  gold,	  Radiat.	  Eff.	  61	  
(1982)	  175–178.	  doi:10.1080/00337578208229930.	  
[78]	   P.	  Ehrhart,	  H.D.	  Carstanjen,	  A.M.	  Fattah,	  J.B.	  Roberto,	  Diffuse–scattering	  study	  of	  
vacancies	  in	  quenched	  gold,	  Philos.	  Mag.	  A.	  40	  (1979)	  843–858.	  
doi:10.1080/01418617908234878.	  
[79]	   N.	  Sabaté,	  D.	  Vogel,	  J.	  Keller,	  A.	  Gollhardt,	  J.	  Marcos,	  I.	  Gràcia,	  C.	  Cané,	  B.	  Michel,	  FIB-­‐
based	  technique	  for	  stress	  characterization	  on	  thin	  films	  for	  reliability	  purposes,	  
Microelectron.	  Eng.	  84	  (2007)	  1783–1787.	  
doi:http://dx.doi.org/10.1016/j.mee.2007.01.272.	  
[80]	   A.M.	  Korsunsky,	  M.	  Sebastiani,	  E.	  Bemporad,	  Residual	  stress	  evaluation	  at	  the	  
micrometer	  scale:	  Analysis	  of	  thin	  coatings	  by	  FIB	  milling	  and	  digital	  image	  correlation,	  
Surf.	  Coatings	  Technol.	  205	  (2010)	  2393–2403.	  
doi:http://dx.doi.org/10.1016/j.surfcoat.2010.09.033.	  
[81]	   R.I.	  Barabash,	  Y.F.	  Gao,	  G.E.	  Ice,	  O.M.	  Barabash,	  J.-­‐S.	  Chung,	  W.	  Liu,	  R.	  Kröger,	  H.	  
Lohmeyer,	  K.	  Sebald,	  J.	  Gutowski,	  T.	  Böttcher,	  D.	  Hommel,	  Mapping	  strain	  gradients	  in	  
the	  FIB-­‐structured	  InGaN/GaN	  multilayered	  films	  with	  3D	  X-­‐ray	  microbeam,	  Mater.	  
Sci.	  Eng.	  A.	  528	  (2010)	  52–57.	  doi:http://dx.doi.org/10.1016/j.msea.2010.04.045.	  
	  
